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Abstract

Neuraminidases (sialidases) catalyze the removal of terminal sialic acid from glycoconjugates.
Bacterial pathogens often utilize neuraminidases to scavenge host sialic acid, which can be
utilized either as a nutrient or as a decorating molecule to disguise themselves from host immune
attacks. Herein, a putative neuraminidase (TDEQ471) was identified in 7reponema denticola, an
oral spirochete associated with human periodontitis. TDE0471 is a cell surface-exposed exo-
neuraminidase that removes sialic acid from human serum proteins; it is required for 7. denticola
to grow in a medium that mimics gingival crevice fluid, suggesting that the spirochete may use
sialic acid as a nutrient in vivo. TDEQ471 protects 7. denticola from serum killing by preventing
the deposition of membrane attack complexes on the bacterial cell surface. Animal studies
revealed that a TDE0471-deficient mutant is less virulent than its parental wild-type strain in
BALB/C mice. However, it causes a level of tissue damage similar to the wild type in
complement-deficient B6.12954- C3™1Cr1 mice albeit the damage caused by both bacterial
strains is more severe in these transgenic mice. Based on these results, we propose that 7.
denticola has evolved a strategy to scavenge host sialic acid using its neuraminidase, which allows
the spirochete to acquire nutrients and evade complement killing.
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INTRODUCTION

The complement system plays a central role in host innate immune defense against
microbial infections and also functions as a mediator between the innate and adaptive
immune responses [for recent reviews, see (Lambris et al., 2008;Ricklin et al., 2010;Zipfel
and Skerka, 2009)]. The complement cascade is activated primarily via classical, lectin, and
alternative pathways. Activation of the complement system ultimately leads to the formation
of the membrane attack complex (MAC), which directly disrupts targeted pathogens via cell
lysis. In addition, numerous complement factors that are generated during cascade activation
are involved in triggering and orchestrating microbial opsonization, phagocytosis,
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stimulation of the adaptive immune system, and activation of inflammatory cells. Due to its
ability to rapidly recognize and eliminate microorganisms, the complement system is
considered as a first line of defense against microbial intruders.

Human periodontitis is a prevalent chronic inflammatory disease that damages the
supporting connective tissues around teeth and ultimately leads to tooth loss (Darveau,
2010;Pihlstrom et al., 2005). The disease is a polymicrobial infection caused by a diverse
group of periodontal pathogens (Hajishengallis et afl., 2012a;Pihlstrom et al., 2005).
Accumulating evidence suggests that the interactions between the complement system and
those periodontal pathogens play a pivotal role in periodontal inflammation and the
progression of the disease (Hajishengallis, 2010;Wang et a/., 2010;Hajishengallis et al.,
2012b). Among those periodontal pathogens, Porphyromonas gingivalis, Tannerella
forsythia, and Treponema denticola (often referred to as ‘red-complex’ bacteria) have been
considered as primary etiological agents of periodontitis (Socransky and Haffajee, 2005;Holt
and Ebersole, 2005). This group of bacteria predominantly inhabits periodontal pockets
containing gingival crevice fluid (GCF) (Lamont and Jenkinson, 2000;Holt and Ebersole,
2005;Ellen and Galimanas, 2005). The main component (up to 70%) of GCF is plasma,
which contains the complement system (Schenkein and Genco, 1977b;Schenkein and
Genco, 1977a;Hajishengallis, 2010). Thus, the ‘red-complex’ bacteria presumably are
exposed to continuous immune surveillance mediated by the complement system. However,
this group of bacteria has evolved different mechanisms to subvert the killing. P. gingivalis
suppresses complement killing by producing capsules and degrading key complement
factors (i.e., 1gG and C3) via cysteine proteases (Popadiak ef a/., 2007;Schenkein et al.,
1995). The oral spirochete 7. denticola is resistant to the complement killing. Recent studies
showed that FhbB, a surface-exposed lipoprotein that binds factor H (FH) and FH-like
proteins, contributes to the complement resistance of 7. denticola (McDowell et al.,
2005;McDowell et al., 2009).

Sialic acid is a group of structurally related nine-carbon sugar acids that feature prominently
at terminal positions of many eukaryotic surface-exposed glycoconjugates, where they are
involved in a wide range of biological processes, including cell-cell interactions and small
molecule-cell recognition (Vimr et al.,, 2004;Severi et al., 2007;Varki, 2007). Several
bacterial pathogens have evolved to utilize sialic acid as decorating molecules to modify
their surface-exposed macromolecules, such as lipopolysaccharides (LPS) and polysialic
acid (PSA) capsules. Such modifications allow bacterial pathogens to disguise themselves
and thus circumvent and/or counteract the host’s immune responses, including complement
killing [for reviews, see (Severi et al., 2007;Vimr et al., 2004;Comstock and Kasper, 2006)].
Neuraminidase (sialidase) is a family of enzymes that catalyzes the removal of terminal
sialic acid from glycoconjugates (Achyuthan and Achyuthan, 2001;Powell and Varki,
2001;Roggentin et al,, 1993;Vimr, 1994). Various mucosal pathogens, ranging from
Streptococcus pneumoniae in the airway to Vibrio cholerae in the gut, utilize
neuraminidases to scavenge host sialic acid (Vimr, 1994;Severi et al., 2007;Galen et al.,
1992). In these bacteria, neuraminidases are often associated with their virulence. For
instance, the two neuraminidases of S. pneumoniae contribute to the progression of infection
by promoting pneumococcal brain endothelial cell invasion (Soong et al., 2006;Uchiyama et
al., 2009); and the neuraminidase of Pseudomonas aeruginosa plays a key role in the initial
stages of pulmonary infection (Leprat and Michel-Briand, 1980;Cacalano et a/., 1992).

Similar to other mucosal pathogens, the ‘red-complex’ bacteria also appear to have
neuraminidase activity. P. gingivalis encodes at least one homologue (PG0352) of
neuraminidase. Recent studies showed that PG0352 is involved in biofilm formation,
capsule synthesis, serum resistance, and the pathogenicity of P. gingivalis (Aruni et al.,
2011;Li et al, 2012). T. forsythiaencodes two neuraminidases (NanH and SiaH). NanH
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(TFO035) is a major neuraminidase (Thompson et al., 2009); its deletion mutant fails to
attach to and invade human gingival epithelial cells (Honma et al.,, 2011). T. denticola shows
neuraminidase activity (Wyss et al., 2004). However, the enzyme(s) conferring this activity
and its role in the pathogenicity of 7. denticola have not been studied. 7. denticola encodes a
putative neuraminidase (TDEO0471). In this report, we show experimental evidence that
TDEO0471 is a neuraminidase that removes sialic acid from human serum glycoconjugates
and that it affects nutrient acquisition, complement activation, deposition of MAC, and the
virulence of 7. denticola.

TDEO471 is a neuraminidase

7. denticola appears to have neuraminidase activity (Wyss et al., 2004). However, the
enzyme(s) responsible for this activity has not yet been identified. A Blast search of the 7.
denticola ATCC 35405 (hereafter referred to as Tdssa05) genome (Seshadri et al., 2004)
using neuraminidase genes from other bacteria suggested that 7D£0471 encodes a putative
neuraminidase that consists of 543 amino acids (aa) and has a predicted molecular weight
(MW) of 59.8 kDa. The TDEO471 gene is monocistronic. Transcriptional analyses indicated
that it is regulated by a sigma’® transcription factor (Fig.S1). The C-terminus (aa 124 to 543)
of TDE0471 contains a conserved neuraminidase catalytic domain. Sequence alignment
analysis revealed that it contains two conserved functional motifs associated with bacterial
neuraminidases (Copley et al., 2001;Crennell et al., 1993): one is the RIP motif and the other
is a motif consisting of three Asp-boxes (S-X-D-X-G-X-T-W/F) (Fig.S2), suggesting that
TDEO0471 is a neuraminidase (hereafter referred to as Tdye,)

Neuraminidase activity can be detected by a filter paper spot sialidase test (Moncla and
Braham, 1989;Moncla et al, 1990). In this assay, neuraminidases cleave 4-MUNANA, a
fluorogenic substrate, to produce 4-methylumbelliferone (4-MU), which is fluorescent under
ultraviolet light. The substrate treated with recombinant Tdpe, (rTdne,) produced
fluorescence (spot 1, Fig.1A), indicative of neuraminidase activity. The observed activity
was completely abolished when the substrate was treated with rTdM,¢, (spot 2), a truncated
rTdpey in which the C-terminal catalytic domain was deleted. The activity was substantially
inhibited when rTd,g, was added together with NeuSAc2en (spots 3 and 4), a
neuraminidase-specific inhibitor (Barrett ef al, 2011;Trappetti et al, 2009). Further studies
demonstrated that rTdpe, is active from pH 4.0 to 8.0, with an optimum pH of 5.0 to 6.0
(Fig.1B). It has an affinity toward 4-MUNANA with a K, of 18.72 + 4.24 nM and a rapid
reaction rate with V4, 0f 0.6 £ 0.03 nmol/nM/min (Fig.1C) under the tested conditions.
These results indicate that TDE0471 is a neuraminidase with properties similar to its
counterparts in other bacteria.

Tdney iS @an exo-neuraminidase

Based on substrate specificity, bacterial neuraminidases can be divided into two major
classes (Taylor, 1996;Vimr ef al., 2004): exo-neuraminidases that cleave 02,3-, a2,6-, and
a2,8-glycosidic linkages of terminal sialic acids; and endo-neuraminidases that hydrolyze
a2,8-sialosyl linkages in oligo- or poly-sialic acids. The substrate specificity of
neuraminidases can be detected by lectin blot assays with human a-1acid glycoprotein
(AGP) and three plant lectins: DSA specifically binds to galactose-linked GIcNAc, MAA to
a2,3-linked sialic acid, and SNA to a2,6-linked sialic acid (Gut ef a/., 2008). For this assay,
the recombinant NanH protein of Clostridium perfringens, a well-studied exo-neuraminidase
(Cassidy er al., 1965;Chien et al., 1996), was used as a positive control. As shown in Fig.1D,
rTdney and NanH completely abolished the binding activity of SNA/MAA to AGP (lanes 1
and 2), but had no impact on that of DSA to AGP (top panel). Furthermore, rTdM, did not
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affect the binding activity of SNA/MAA to AGP (lane 3). These results indicate that Tdpey
is a NanH-like exo-neuraminidase that is able to cleave both a2,3- and a2,6-linked sialic
acid in AGP.

Isolation and characterizations of a TDE0471 isogenic mutant and its complemented strain

To investigate the function of Tdne,, 7DEO471 was inactivated by allelic exchange
mutagenesis (Fig.S3A). Erythromycin-resistance colonies that appeared on the plates were
first screened by PCR for the presence of the antibiotic resistance gene. One positive clone
(Tde471™Mut) was selected for further characterization by PCR with different pairs of
primers. the PCR results showed that the 7DE0471 gene was inactivated as expected
(Fig.S4A). Tde471Mut was then complemented by inserting the full length 7DE0471 into the
erythromycin resistance cassette (e777%) on the chromosome of the mutant, as illustrated in
Fig.S3B. The resultant complemented colonies became erythromycin sensitive and
gentamicin resistant. Tde471°™, a complemented clone, was selected for further
characterization. Immunoblotting analysis using a specific antibody against Tdne, (0Tdney)
showed that Td,,e, Was absent in Tde471MUt and restored to the wild-type level in Tde471%0m
(Fig.2A). The paper spot test using whole cell lysates of 7. denticola strains showed that
neuraminidase activity was detected in Tdzsags and Tde471%°™, but not in Tde471Mut (Fig.
2B). These results indicated that the 7DE0471 gene product and enzymatic activity were
abrogated in Tde471MUt and restored in Tde471°™, In addition, as no residual
neuraminidase activity was detected in Tde471MUt (lane 2, Fig.2B), it is most likely that
Tdpey is the only neuraminidase of 7. denticola.

Tdney is a cell surface-exposed protein

Signal peptide prediction using the SignalP 4.0 server suggested that the N-terminal 24 aa of
Tdney is a signal peptide (Fig.S5), implying that it is likely secreted. To test this prediction,
the wild-type cells were first treated with proteinase K (PK) and the resultant cell pellets
were analyzed by immunoblots. After the treatment, no trace of Td,g, Was detected in the
cell pellets (Fig.3A), suggesting that Td,, resides on the cell surface and can be readily
degraded by PK. This proposition was further confirmed by IFA studies using aTdpey, in
which strong fluorescence signals were observed in the wild type cells, but not in the mutant
cells (Fig.3B).

T. denticola surface-exposed proteins (e.g., the major surface protein, Msp) are often
dissociated from cell surfaces and released to the culture media (Fenno et al., 1998;Bian et
al., 2005). To determine if this is the case for Tdpe,, supernatants prepared from the 7.
denticola cultures were analyzed by immunoblots to detect Td,g, and by the filter paper spot
assay to test for the enzymatic activity. Consistent with the hypothesis, the protein and
enzymatic activity were detected in the supernatants of Tdzsags and Tde471%°™, but not in
that of the mutant (Fig.3C, D). To rule out the possibility that the detected protein and
enzymatic activity are due to cell lysis during the growth and sample preparation, FlaA, a
flagellar sheath protein in the periplasmic space of 7. denticola (Ruby et al., 1997), was used
as a sample control; no trace of FlaA was detected in the supernatants (Fig.3C). Collectively,
these results indicate that Tdye, is a surface-exposed protein that is readily dissociated from
the cells and released into its growth milieus.

Tdney Cleaves sialic acid from human serum proteins

Total sialic acid in the plasma is abundant (approximately 2 mM). Under normal
physiological conditions, almost all sialic acids (99.9%) are bound to a diverse range of
glycoproteins and glycolipids (often named sialoglycoconjugates) (Ponnio et al.,
1999;Sillanaukee et al.,, 1999). To determine if Td,g, is able to desialylate those
sialoglycoconjugates, human serum was incubated with rTd,g, and then probed with SNA
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and MAA. SNA and MAA bound to a variety of serum sialoglycoconjugates (Fig.4). The
observed binding activities showed a dose-dependent reduction when the serum was treated
with different amounts of rTd,g, for 1 hour (Fig.4A), and the binding activities were almost
completely abolished when the serum was co-incubated with 0.2 pg rTd,e, for 3 hours (Fig.
4B, C). Of note, there was no desialylation activity observed in the samples treated with
rTdM,e, (Fig.4B, C). In addition, the treatment of the serum with rTd,e, had no impact on
the binding activity of Concanavalin A (ConA) (Fig.4D), suggesting that rTde, has no
proteolytic activity against the serum proteins. These results indicate that the corresponding
a2,3- and a2,6-linked terminal sialic acid residues on the serum sialoglycoconjugates were
cleaved by Td,e,. This activity is consistent with the catalytic feature of Tde, as an exo-
neuraminidase, as shown in Fig.2.

The Tde471MUt fails to grow in the serum growth medium

Several bacteria are able to utilize sialic acid as a nutrient when other carbohydrates are
limited (Vimr et al., 2004;Severi et al., 2007). In the TYGVS medium, Tdzsags, Tded471mut
and Tde471°°™ strains exhibited similar growth patterns (Fig.5A), suggesting that the lack
of Tdney has no significant impact on 7. denticola growth in a nutrient-enriched medium. As
mentioned earlier, 7. denticola primarily lives in the GCF, which contains 50~70% serum
(Schenkein and Genco, 1977b;Schenkein and Genco, 1977a). To mimic this growth
condition, the 7. denticola strains were cultivated in serum growth medium that contains
50% heat-inactivated rabbit serum. In this medium, both Td3s40s and Tde471°°™M were able
to grow and reached approximately 108 cells/ml at the stationary phase. However,
Tde471Mut completely failed to grow (Fig.5B). Interestingly, the mutant recovered its
growth ability and reached the same cell density as Tdsssg5 and Tde471°™M at the stationary
phase when the medium was supplemented with 100 or 500 uM of exogenous N-acetyl-
neuraminic acid (Neu5Ac, a well-studied sialic acid and the most abundant one; Fig.5B)
(Vimr et al., 2004; Comb and Roseman, 1960). These results indicate that 7. denticola may
require Tdne to release sialic acid from the serum, which can be further metabolized to
provide essential nutrients for its growth in vivo.

Td,e, affects serum bactericidal activity against T. denticola

Several complement factors (e.g., C1q, 1gG, and FH) are glycosylated and contain sialic
acid. In some cases, sialylation is essential for their biological activities, such as the
complement activation and formation of MAC (Ritchie et a/., 2002;Varki, 2007). To
determine if Td,g, affects serum bactericidal activity against 7. denticola, serum killing
assays were conducted. Similar to a recent report (McDowell et al., 2011), Tdzs405 Was
resistant to the serum killing and its average survival rate was 87% following 1-hour
incubation in 25% normal human serum (NHS). Compared to Td3s405, Tde471MUt was more
vulnerable to the Killing — its survival rate decreased to 39% (Fig.6). The diminished
resistance was fully restored when the mutant was complemented (Fig.6). These results
indicate that Tde, acts to attenuate the serum bactericidal activity against 7. denticola.

Tde471Mut exhibits enhanced complement deposition on the cell surface

The hallmark of complement-dependent killing is the formation of MAC (C5b-9) on
bacterial cell surfaces (Lambris et al,, 2008;Ricklin et al., 2010;Vimr and Lichtensteiger,
2002). Tde471™MUt exhibited decreased serum resistance (Fig.6). Conceivably, the loss of
Tdpey May enhance complement deposition and formation of MAC on the mutant cells,
which would make Tde471Mt more vulnerable to the serum killing. To test this hypothesis,
complement deposition on the Tdzsags, Tde471MUt and Tde471°°M strains was measured
and compared. As shown in Fig.7A, SDS-PAGE analyses showed that various proteins were
evident in the serum-incubated mutant cells, but not in the samples of Td3s405 and
Tde471%™ after 20 min incubation in NHS. Notably, these proteins disappeared when the

Mol Microbiol. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurniyati et al.

Page 6

mutant cells were treated with EDTA (Fig.7A), a chelating agent that blocks the
complement cascade activation (Berger et a/., 1985). In addition, the immunoblotting
analyses using a rat serum against 7. denticola (Fig.7B) and a polyclonal antibody against
Msp (data not shown) demonstrated the presence of similar amounts of 7. denticola proteins
in the experimental samples (Fig.7B). Collectively, these results suggest that the proteins
present on the mutant were derived from the complement system, not from the bacterial
cells.

This proposition was further confirmed by immunoblotting analysess with specific
antibodies against C3, C9, and C5b-9 complex (Fig.7C-E). For C3 antibody (aC3), four
products were detected in the serum-incubated Tde471MUt cells, but not in the serum-
incubated Tdss405 and Tde471°°™ cells. The sizes of the detected bands are similar to those
of C3-related products (Fig.7C), including C3b a chain (119 kDa) and f chain (75 kDa), and
factor I-mediated C3b cleaved products (iC3b-al, 68 kDa; a2, 43 kDa) (Barnes and Weiss,
2001;Ben and Klimpel, 2008). A similar pattern was observed when the samples were
probed with antibodies against C9 (aC9) and C5b-9 (aC5b-9) — in the serum-incubated
mutant cells, mono-C9 (71 kDa) and poly-C9 (>1,000 kDa) were detected by aC9 (Fig.7D);
and two glycosylated C9 products were detected by aC5b-9 (Fig.7E). In contrast, none of
these proteins was evident in the serum-incubated Tdss405 and Tde471°™M cells. Taken
together, these results indicate that Td,g, impairs the complement activation and deposition.
This constitutes a novel protection mechanism of 7. denticola from the serum killing.

Tdnhey contributes to the virulence of T. denticola

The importance of Td,g, in the virulence of 7. denticolawas further assessed in vivo using a
previously reported mouse skin infection model (Kesavalu et a/., 1997). For this study, each
BALB/C mouse was subcutaneously injected with 10° 7. denticola cells at its dorsal site.
Skin abscesses caused by the spirochetes were measured at ten days post-injection.
Compared to the Tdssags and Tde471°™ strains, the tissue damage caused by Tde471mut
was less (p < 0.01), which was reflected by smaller skin abscesses on mice injected with the
mutant (Fig.8A). The average size of the abscesses induced by Tdsssg5 was 71.6 + 6.9 mm?
(n=5). The average size was reduced to 37.5 + 2.0 mm?2 (n=>5) in the mutant and was restored
to the wild-type level in Tde471¢°M (67.5 + 4.7 mm2, n=4).

To determine if the complement system has any impact on the pathogenicity of 7. denticola,
a similar experiment was repeated in B6.12954- C3'™1C77), a complement-deficient mouse
strain (Wessels et al, 1995). The tissue damage caused by both Tdss405 and Tde471Mut was
more severe in B6.129S4-C31Cr) mice than in its parental wild-type strain C57BL/6 (Fig.
8B). In the mutant mice, the average sizes of skin abscesses induced by Tdzs405 and
Tde471™Ut were 118.8 + 15.3 mm? (n=5) and 88.6 + 8.4 mm? (n=>5), respectively, which are
significantly (p < 0.01) larger than what is observed in C57BL/6 mice (55.9 + 5.0 mm2,
n=>5). The average size of the abscesses induced by Tde471M is smaller than that induced
by Td3s405 (Fig.8B), but it is not statistically significant (p> 0.1). These results along with
the in vitro studies presented above indicate that the immune defense mediated by the
complement system affects the pathogenicity of 7. denticola and that Td,g, is an important
virulence factor for complement evasion in vivo.

DISCUSSION

Do the neuraminidases of ‘red-complex’ bacteria share similar biochemical
characteristics?

As mentioned earlier, the ‘red-complex’ bacteria primarily inhabit the gingival crevices
bathed in plasma, which contains a high concentration of sialic acid that is bound to a
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diverse range of glycans. In this unique niche, it would be a survival advantage if a
microorganism can utilize host sialic acid. In this regard, it is not surprising that all three
‘red-complex’ bacteria possess neuraminidases. In addition, several lines of evidence have
suggested that those neuraminidases (PG0352, TF0035, and Tdye,) have similar biochemical
features. First, they are all dual-domain proteins (Li et a/, 2012; Thompson et al., 2009). The
neuraminidase domains are located at their C-terminal regions while the N-termini have
different domains. PG0352 has a peptidoglycan-binding domain (aa 30 to 180). The N-
terminus of Tde, contains a Listeria-Bacteroides-Repeat domain that is often found in
internalin families (CDD212296) of Listeria species and is implicated in cell adhesion and
invasion (Dramsi et al., 1993). Second, they are active over a wide pH range (e.g., TF0035 is
active from pH 4.5 to 8.0, with an optimum pH of 5.5) (Thompson et a/., 2009). Tdyg, is
active in a similar pH range to TF0035 (Fig.1B). Third, they all show exo-neuraminidase
activity. Similar to PG0352 and TF0035 (Li ef a/., 2012; Thompson et al., 2009), Tdpey iS
able to remove 02,3- and 02,6-linked sialic acid of AGP (Fig.1D). Finally, they all contain a
signal peptide, suggesting they are most likely secreted and/or surface-localized. Previous
studies have shown that TF0035 is both surface-localized and secreted (Honma et a/., 2011).
Similar to TF0035, Tdpe is also surface-exposed and secreted (Fig.3). These biochemical
characteristics are compatible with the gingival crevice microenvironment — the pH of GCF
in healthy individuals is about 6.9 (Eggert et a/,, 1991;Bickel and Cimasoni, 1985). In
addition, 02,3- and 02,6-linked sialic acids are the most abundant and are ubiquitous at the
termini of plasma sialoglycoconjugates (Ponnio et al,, 1999;Crocker et al., 2007;Varki,
2008). These features may allow these enzymes to maintain their optimal activities in terms
of withstanding pH fluctuation and acquiring sufficient substrates in the periodontal pockets.

Does T. denticola utilize sialic acid as a nutrient?

How does T.

Several bacteria use sialic acid as an alternative nutrient when other carbon resources are
limited (Vimr et al,, 2004;Severi et al., 2007). The plasma in the gingival crevices contains a
variety of sialoglycoconjugates that can be desialylated by Tde, (Fig.4). The released free
sialic acid presumably can be transported and metabolized within 7. denticola cells. This can
explain why Tdss405 is able to grow in the serum medium but Tde471M4t cannot (Fig.5).
One intriguing question remaining to be answered is how 7. denticola metabolizes sialic
acid and converts it to other nutrients. In Escherichia coli, NanA first metabolizes NeuSAc
and then releases ManNAc and pyruvate. ManNAc is ultimately converted to fructose-6-
phosphate and ammonia via a series of reactions catalyzed by NanK, NanE, NagB and
NagA [for review, see (Vimr et al., 2004)]. However, the genes encoding these enzymes are
absent in the genome of 7. denticola (Seshadri et al., 2004), indicating that a similar
catabolic pathway does not exist in the spirochete. The metabolism of 7. denticola is poorly
understood and the catabolism of sialic acid in anaerobes has not yet been documented. It is
possible that 7. denticola and other anaerobes may have evolved a novel catabolic pathway
to metabolize sialic acid. Recent studies have suggested that 7. forsythia might use NeuSAc
and A-acetyl-glucosamine (NAG) to produce N-acetylmuramic acid (NAM) (Roy et al.,
2011), a key component of cell wall peptidoglycan. A similar scenario may also occur in 7.
denticola.

denticola escape complement killing?

In this report, we found that Tde471Mt was more vulnerable to the serum killing (Fig.6).
However, under the tested condition, approximately 39% of the mutant cells were still
viable, indicating that other mechanisms are also involved in the complement resistance of
7. denticola. Dentilisin, a surface protease of 7. denticola, hydrolyzes C3b (Yamazaki et al.,
2006) and cleaves FH (McDowell et al., 2011). Since C3b plays a key role in the
complement cascade activation (Lambris et a/.,, 2008;Ricklin et al., 2010), it has been
previously postulated that dentilisin may contribute to the serum resistance of 7. denticola
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(Yamazaki et al., 2006). However, McDowell et al recently reported that dentilisin has no
impact on the serum resistance of 7. denticola (McDowell et al., 2011). This observation is
contradictory to its activity of cleaving C3b and FH; and more comprehensive studies are
needed to further elucidate its role in the serum resistance of 7. denticola. In addition, recent
reports described that FhbB, an FH-binding protein, is involved in complement evasion
(McDowell et al., 2011). Conceivably, these factors may constitute a complex and redundant
network that protects 7. denticola from the complement killing, ensuring that the spirochete
can survive and thrive in the oral flora while facing the constant immune surveillance that is
mediated by the complement system.

How does Tde, protect T. denticola from the serum killing?

Summary

Previous reports have shown that FhbB, an FH-binding protein, protects 7. denticola from
serum killing (McDowell et al., 2005; McDowell et al., 2011). In Neisseria gonorrhoeae,
sialylation increases the binding activity of FH to LPS, which results in higher serum
resistance (Ram et al., 1998b;Ram et a/., 1998a). We sought to determine if a similar
scenario accounts for the serum resistance of 7. denticola (e.q., the free sialic acid released
by Tdyey is utilized to modify FhbB, which results in increased binding of FH to FhbB). To
test this hypothesis, an affinity-ligand-binding immunoblotting (ALBI) assay was carried out
(Fig.S6). The results showed that FH bound to both Tdssags and Tde471MUt in a similar
pattern, but not to FhbBMUt, a previously constructed /68 isogenic mutant (McDowell ef
al., 2011). This indicates that the loss of Tdye, has no impact on FH binding to Tde471Mt,
Thus, it is unlikely that Td,g, affects the serum resistance of 7. denticola by acting on FhbB.

Several pathogenic bacteria (e.q., Campylobacter jejuni, Haemophilus influenza, and
Neisseria spp) acquire serum resistance by the incorporation of sialic acid into their surface
macromolecules (i.e., LPS and capsule) (Figueira et al., 2007;Ram et al., 1998b;Madico et
al., 2007;Awvril et al., 2006;Vimr and Lichtensteiger, 2002;Severi et al., 2007). However, T.
denticolalacks both LPS and capsule (Seshadri et al., 2004). If a similar mechanism exists
in 7. denticola, the organism must utilize other surface molecules rather than capsule and
LPS. Proteomic analysis disclosed that at least four proteins had either changed expression
levels or had altered molecular weights in Tde471MUt (Li, et al, unpublished data). These
proteins were Msp (TDE0405), oligopeptide-binding protein (TDE0985), OppA (TDE1071),
and a putative outer-membrane protein (TDE2602). Msp and OppA are two virulence
factors of 7. denticola (Fenno et al., 1998;Fenno et al., 2000). These proteins could be
potential candidates for modification by sialic acid. Consistent with this possibility, a recent
proteomic analysis showed that Msp and OppA have different forms (Veith et a/., 2009),
suggesting that they are probably modified (e.g., glycosylation). Furthermore, 7. denticola
has a novel type of outer membrane lipid that contains lipoteichoic acids (Schultz et af.,
1998), and genomic information suggests that it may produce surface polysaccharides
(Seshadri et al., 2004). These two molecules are potential candidates for sialylation. We are
currently employing different approaches to investigate if these candidate molecules are
sialylated or not.

The evidence described in this report along with previous studies has demonstrated that ‘red-
complex’ bacteria have evolved to employ neuraminidases to scavenge host sialic acid. This
can benefit the pathogens at least in two ways: nutrient acquisition and immune evasion.
Accumulating evidence has shown that neuraminidases play critical roles in the physiology
and pathogenicity of ‘red-complex’ bacteria (Roy et al, 2011;Aruni et al., 2011;Li et al,
2012). These neuraminidases are surfaced-exposed and share similar biochemical features.
Given these facts, the neuraminidases are ideal targets for developing new therapeutic agents
for intervention and prevention of periodontitis (e.g., designing specific inhibitors against
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neuraminidases). In addition, the surfaces of host immune system cells contain a family of
sialic-acid-binding immunoglobulin-like lectins (Siglecs), which play critical roles in
regulating the functions of the cells in innate and adaptive immune systems via glycan
recognition (Varki, 2007;Crocker et al., 2007;Varki, 2008). It is intriguing to consider the
potential effects that neuraminidases could impose on innate and adaptive immunity
regulated by the Siglecs. Furthermore, sialylation is essential for the anti-inflammatory
activity of human plasma immunoglobulin G (also referred to as intravenous IgG, 1VIG),
which is often utilized to treat a variety of human hematological and immunological
disorders (Nimmerjahn and Ravetch, 2008). Recent studies have shown that desialylation of
IVIG not only depletes its anti-inflammatory activity but also potentially leads to generation
of pathogenic antibodies (Kaneko et al., 2006). Our preliminary studies suggested that Tdyg,
is able to cleave sialic acid from I1VIG (data not shown). It is even more intriguing to
consider the potential impact of neuraminidases on IgG in the GCF and the role of 1gG in
the pathogenesis of periodontitis as well as systemic diseases that are associated with
periodontitis.

EXPERIMENTAL PROCEDURES

Ethics statement

All animal experimentation was carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. Human serum samples were collected from healthy volunteers. The protocols for
animal studies and the use of human serum were approved by the Institutional Animal Care
and Use Committee (permit number: ORB 23068Y) and the Human Subjects Review
Committee (permit number: ORB0321006E) of the State University of New York at
Buffalo, respectively.

Bacterial strains and culture conditions

T. denticola ATCC 35405 (wild type) (Seshadri et al,, 2004) was used in this report. Cells
were grown either in tryptone-yeast extract-gelatin-volatile fatty acids-serum medium
(TYGVS) (Ohta et al., 1986) or in 50% heat-inactivated (56°C for 30 min) rabbit serum
diluted in PBS (phosphate buffered saline, pH 7.4) supplemented with 6 pug/ml thiamine
pyrophosphate (TPP) (designated as serum growth medium) at 37°C with an atmosphere of
85% nitrogen, 5% carbon dioxide, and 10% hydrogen. 7. denticola isogenic mutants were
grown with appropriate antibiotic(s) for selective pressure as needed: erythromycin (70 pg/
ml) and/or gentamicin (20 pg/ml). £. coli TOP10 strain (Invitrogen, Carlsbad, CA) was used
for DNA cloning; BL21 Star™ (DE3) (Invitrogen) and M15 (Qiagen, Valencia, CA) strains
were used for preparing recombinant proteins. The £. colistrains were cultured in lysogeny
broth (LB) supplemented with appropriate concentrations of antibiotics.

Preparation of recombinant TDE0471 and its antiserum

To prepare a recombinant protein for enzymatic analysis, the full-length 7DE0471 gene was
PCR amplified with primers P1/P, using Vent DNA polymerase (New England Biolabs,
Ipswich, MA). The obtained PCR product was cloned into pET101/D-TOPO vector
(Invitrogen), which encodes a six-histidine tag at the C-terminus. The resulting plasmid was
then transformed into BL21 Star (DE3) cells. The expression of 7DE0471 was induced
using 1 mM isopropyl B-D-1-thiogalactosidase (IPTG). The recombinant protein was
purified using Ni-NTA agarose (Qiagen) under native conditions as previously described
(Sze et al, 2011;Li et al., 2012). The purified protein was then dialyzed in a buffer
containing 20 mM Tris-HCI at 4°C overnight using 6.0 kDa molecular weight cut-off
Spectra/Por® dialysis bags (Spectrum Laboratories, Rancho Dominguez, CA). The
concentration of purified protein was determined using a Bio-Rad Protein Assay Kit (Bio-
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Rad Laboratories, Hercules, CA). A similar method was used to prepare a truncated
TDEO0471 recombinant protein without the C-terminal catalytic domain (from aa 324 to
543). This protein was used either as an antigen for production of TDEO471antibody or as a
control in the biochemical analyses. For antibody production, 5 mg purified truncated
TDEO0471 protein was used to immunize rats (2.5 mg for each animal) following a standard
immunization procedure as previously described (Sze and Li, 2011). The primers for
preparation of the recombinant proteins are listed in Table S1.

Electrophoresis and immunoblotting analyses

Sodium-dodecyl-sulfate polyacrylamide-gel electrophoresis (SDS-PAGE) and
immunoblotting using the enhanced chemiluminescent (ECL) detection system were carried
out as described before (Sze and Li, 2011). 7. denticola cells were harvested at the late-
logarithmic-phase (~108 cells/ml). Equal amounts of whole cell lysates (10-50 ug) were
separated on SDS-PAGE gels and then transferred to PVDF membranes (Bio-Rad). The
immunoblots were probed with specific antibodies against various proteins and developed
using horseradish peroxidase-coupled secondary antibody with an ECL luminol assay. The
antibodies against the 7. denticola flagellin protein (FlaA) and Msp were gifts from J. C.
Fenno (University of Michigan). The polyclonal antibodies against 7. denticola were raised
in this study by immunizing rats twice with the wild-type whole cells. A monoclonal
antibody against human FH was purchased from Thermo Scientific (Thermo Scientific,
Rockford, IL). A polyclonal against C3 and monoclonal antibodies against C9 and C5b-9
complex were purchased from Abcam (Abcam Inc., Cambridge, MA).

Enzyme assays

A previously documented filter paper spot sialidase assay was used to detect the
neuraminidase activity (Moncla and Braham, 1989;L.i et al., 2012). Briefly, the recombinant
TDEO0471, the whole cell lysates, or the supernatants from the 7. denticola cultures were
incubated with 2’-4-methylumbelliferyl-a-D- N-acetyl-neuraminic acid (4-MUNANA)
(Sigma-Aldrich), a fluorogenic neuraminidase substrate. Fluorescence was measured using a
ChemiDoc XRS imaging system (Bio-Rad) with an excitation wavelength of 302 nm and an
emission wavelength of 548 nm. To test the neuraminidase specificity, 2,3-dehydro-2-
deoxy-N-acetyl-neuraminic acid (Neu5Ac2en), a neuraminidase inhibitor (Barrett et al.,
2011), was included in the assay. To determine the optimal pH for the enzymatic activity,
the filter paper spot assay was carried out at various pH values (ranging from 3.0 to 9.0).
The neuraminidase kinetics analysis was carried out as previously described (Thompson et
al., 2009;Gut et al., 2008). Briefly, 3.342 nM purified recombinant TDE0471 protein was
incubated with various amounts of 4-MUNANA (ranging from 0.02 to 0.25 mM) in a
reaction buffer containing 70 mM sodium citrate (pH 7.0) at 37°C for 15 minutes. The
saturation curves were fitted to Michaelis-Menten kinetics using GraphPad Prism (GraphPad
Software, Inc., La Jolla, CA), and the K,;and V4, Were calculated.

Lectin blot analysis

A previously described lectin blot analysis (Gut et a/., 2008) was used to determine the
substrate specificity of TDE0471. Briefly, 50 ul aliquots containing 1 pg human a-1 acid
glycoprotein (AGP), 0.7 nM recombinant TDEO0471 (0.7 nM) or 0.0064 U Clostridium
perfringens neuraminidase NanH (Sigma-Aldrich), and 10 mM potassium phosphate (pH
7.0) were incubated overnight at 37°C. After the incubation, the samples were separated on
SDS-PAGE gels, and then transferred to PVDF membranes (Bio-Rad). The resultant blots
were probed with biotin-labeled lectins (Vector Laboratories, Inc., Burlingame, CA) from
three plants: Datura stramonium (DSA), Sambucus nigra (SNA), and Maackia amurensis
(MAA) (Crowley et al., 1984). These three lectins specifically recognize different
carbohydrates — SNA binds to a2,6-linked sialic acid, MAA to a2,3-linked sialic acid, and
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DSA to galactose-linked GIcNAc. The final blots were incubated with streptavidin-
horseradish peroxidase conjugate and developed with the ECL luminol assay (Thermo
Scientific).

Treatment of human serum with recombinant TDE0471

Human serum samples were collected from healthy laboratory donors. Freshly drawn blood
was allowed to clot and separated by centrifugation at 2,000 x g for 20 min. The serum
samples were aliquoted in small volumes and stored at -80°C. Each aliquot was thawed only
once. To determine if TDEO471cleaves sialic acid from sialoglycoconjugates present in the
serum, 0.15% (final concentration in the reactions) or 1.5% normal human serum (NHS)
was incubated with various amounts of recombinant TDE0471 in a reaction buffer (10 mM
sodium phosphate, pH 5.0) for 1 to 3 hrs at 37°C. After incubation, the treated samples were
then subjected to SDS-PAGE and immunoblotting analyses. The blots were first blocked in
1x Carbo-Free blocking solution (VVector Laboratories) containing 0.05% Tween-20 and
then incubated with biotinylated lectins in an incubation buffer (0.2 x Carbo-Free solution,
0.05% Tween-20) for 1 h at room temperature. The lectins used here include SNA, MAA
(Vector Laboratories), and Concanavalin A (ConA, Sigma-Aldrich). The resulting blots
were washed four times with PBS-T buffer (PBS, 0.05% Tween-20) and then incubated with
streptavidin-horseradish peroxidase conjugate. After incubation, the blots were washed four
times with PBS-T buffer and developed with the ECL luminol assay.

Constructing a TDE0O471 isogenic mutant and its cognate complemented strain

The construct TDE0471: .erm” (Fig.S3A) was used to inactivate TDE0471 via allelic
exchange recombination. The construct £rm”: :TDE0471 (Fig.S3B) was used for c/s-
complementation of 7DE0471 mutant. To construct TDE0471: ;erm”, a previously
described erythromycin resistant cassette (erm) (Li et al., 1996) and a DNA fragment
containing the entire 7DE0471 gene were amplified by PCR using primers Ps/Pg and P7/Pg,
respectively. The resulting amplicons were cloned into pGEM-T vector. The cloned erm”
cassette was then released by EcoRI from the plasmid and inserted into 7DE0471 at the
same cleavage site, yielding TDE0471: :erm”. Erm”: :TDE0471 was constructed by two step
PCR and DNA cloning. The 5°-portion of ern”® and a previously constructed gentamicin
resistance cassette (aacCI) (Bian et al., 2012) were PCR amplified with primers Pg/P1g and
P11/P12, respectively, and then fused together with primers Pg/P12, generating Fragment 1
(Fig.S3B). The 3’-portion of erm’®and a DNA fragment containing the full length of
TDEO471 and its upstream promoter sequence were PCR amplified with primers P15/P1g
and P13/P14, respectively, and then fused together by PCR using primers P13/P16, generating
Fragment 2 (Fig.S3). The primers used are listed in Table S1. The two obtained DNA
fragments were cloned into the pPGEM-T easy vector and then fused together at the
engineered Xbal cleavage site. Preparation of 7. denticola competent cells, electroporation,
and cell plating were carried out as previously described (Li et al., 1996;Bian et al., 2011).
The resultant antibiotic-resistant clones were first characterized by PCR and the selected
positive clones were further confirmed by immunoblotting analysis.

Preparations of proteinase K-treated T. denticola cells and culture supernatants

The proteinase K treatment was performed as previously described (Brooks et a/., 2006).
Briefly, 10 ml of stationary-phase 7. denticola cultures (5 x 108 cells/ml) were harvested by
centrifugation at 2,000 x g for 15 min. The harvested cells were washed three times in PBS.
They were then resuspended in 2.5 ml PBS containing 600 g of proteinase K (Sigma-
Aldrich) and incubated at 37°C for 1 h. The reactions were stopped by adding 10 ul of 10
mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), followed by centrifugation at 2,000 x g
for 15 min. The obtained cell pellets were washed twice in PBS and subjected to SDS-
PAGE and immunoblotting analyses. T. denticola culture supernatants were prepared as
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previously described (Rosen et al., 1995). Briefly, 400 ml of the late-logarithmic-phase 7.
denticola cultures (108 cells/ml) were centrifuged and the obtained culture supernatants were
filtered through 0.2 pym-pore-size filters to further remove the remaining cells. The filtered
supernatants were then dialyzed in 4 liters of 50 mM Tris-HCI buffer (pH 7.8) at 4°C
overnight using 3.5 kDa molecular weight cut-off Spectra/Por® dialysis membranes and
further concentrated to 4 ml.

Immunofluorescence assay (IFA)

IFA was conducted to determine the surface location of TDE0471 as previously described
with slight modifications (Xu ef a/., 2011). Briefly, 1.5 ml of 7. denticola cultures were
harvested, washed one time with PBS buffer, and then treated with methanol at -20°C for 1
hour. The resultant cells were then placed on poly-L-lysine-coated cover slips, and allowed
to fully air dry. The obtained cover slips were first incubated in a blocking solution (2%
BSA in PBS, pH 7.5) for 1 hour, followed by incubation in the blocking solution containing
1:100 diluted aTdyg, for 1 hour at room temperature. Finally, the cover slips were washed
five times with PBS, incubated with the secondary goat anti-mouse Texas red antibody
(Invitrogen) for 1 hour at room temperature, washed with PBS, and mounted in 40%
glycerol for image processing as described previously (Xu et af., 2011).

Measuring T. denticola growth rates

To measure the growth rates, 5 pl of the late-logarithmic-phase 7. denticola cultures (108
cells/ml) were inoculated into 5 ml of the TYGVS medium, the serum growth medium, or
the serum medium supplemented with either 100 or 500 pg/ml of N-acetyl-neuraminic acid
(Neu5Ac). 7. denticola cells in the cultures were enumerated every 24 h or 48 h using a
Petroff Hausser counting chamber (Hausser Scientific, Horsham, PA). Each growth curve is
representative of at least three independent cultures, and the results are represented as the
mean of cell numbers + standard error of the mean (SEM).

Serum killing assay

The serum killing assay was conducted as previously described (McDowell et al, 2011;Li et
al., 2012). Briefly, 75 pl of 7. denticola cultures (containing 10° spirochete cells) were first
mixed with 25 pl of either normal human serum (NHS) or heat-inactivated serum (HIS) and
then incubated at 37°C in the anaerobic chamber for 1 h. After incubation, the number of
living spirochete cells was enumerated as described above. The living cells were determined
by whether they were motile during the observation time (at least 1 min). The average
survival rates (the number of living cells in NHS / the number of living cells in HIS) were
calculated from at least three independent experiments, and the results are represented as the
mean of survival rates + standard error of the mean (SEM).

Complement deposition assay

The complement deposition assay was carried out as previously described (Barnes and
Weiss, 2001). For this assay, 75 ul of 7. denticola cultures (containing 108 cells from the
late-logarithmic-phase cultures) were mixed with 25 pl of NHS and then incubated for 20
min at 37°C in the anaerobic chamber. As controls, 10 mM ethylenediamine-tetraacetic acid
(EDTA) and 10 mM MgCl,-ethylene glycol-bis (2-aminoethyl ether)- N, N, N’ N “tetraacetic
acid (Mg-EGTA) were included in the assay either to block activation of the complement
pathways or to selectively activate the alternative pathway. After the incubation, the
reactions were incubated on ice for 1 min and then ice-cold PBS containing 10 mM EDTA
was added to stop complement activation. The cells were collected by centrifugation. The
cell pellets were washed three times with ice-cold PBS and resuspended in 50 pl PBS. After
adding 20 pl Laemmli sample buffer, the resultant samples were boiled for 5 min, adjusted
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to 100 pl, and finally 5 pl of samples were subjected to SDS-PAGE and immunoblotting
analyses.

Affinity-ligand-binding immunoblotting (ALBI) assay

The ALBI assay was carried out as previously described (McDowell et al., 2005). Briefly,
the late-logarithmic-phase 7. denticola cultures were harvested, separated on 15% SDS-
PAGE gels, and transferred to PVDF membranes. The blots were incubated with purified
human factor H (FH) (Complement Technology Inc., Tyler, TX). The bound FH was
detected by a monoclonal antibody against FH, following the standard immunoblotting
procedure described above.

Animal studies

A previously documented mouse skin abscess model was used to assess the virulence of 7.
denticola (Kesavalu et al., 1997). For the animal studies, ~6-8 week-old BALB/C mice,
complement-deficient mice (B6.129S4-C3™m1CT713) (Wessels et al., 1995) and its parental
wild-type stain C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were included. Each
mouse (at least 4 mice per bacterial strain) received a single subcutaneous injection on its
posterior dorsolateral surface with 200 ul PBS containing 1 x 10° bacterial cells. After
infection, mice were monitored for symptoms of infection on a daily basis for a total of ten
days. The diameters of the observed abscesses were measured with a caliper gauge. Each
abscess was measured at least three times from different angles and average sizes were
calculated (area = mir?).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TDEO471 (Tdpey) enzymatic assay

(A) Filter paper spot sialidase test of rTdg,. The substrate 4-MUNANA was treated with:
rTdpey (Spot 1, from the left), truncated rTdye, (FTdM,ey, spot 2), and Neu5Ac2en (spots 3
and 4). The image was processed using the ChemiDoc XRS system (Bio-Rad) with an
excitation wavelength of 302 nm and an emission wavelength of 548 nm. (B) rTdye is
active in a wide pH range. For this assay, the spot test was carried out from pH 3.0 to pH
9.0. The release of 4-MU (the product 4-MUNANA) was quantified based on a standard
curve (fluorescence intensity vs. defined amounts of 4-MU). The data shown are the means
from at least three samples. Error bars represent + the standard error of the mean (SEM).
The amounts of 4-MU (the product of 4-MUNANA) were determined using a standard
curve. (C) Kinetic analysis of rTde,. This assay was carried out according to a standard
method for enzyme kinetics studies. The saturation curves were fitted to Michaelis-Menten
kinetics using GraphPad Prism (GraphPad Software), and K, and V4, were calculated. (D)
Lectin blot analysis of rTdne,. The assay was performed as previously described (Gut et al.,
2008;Li et al,, 2012). Biotin-labeled SNA, MAA, and DSA lectins were used to detect
terminal a2,6- and a2,3-linked sialic acid and galactose linked to GIcNAc of human a-1
acid glycoprotein (AGP), respectively. The C. perfringens neuraminidase NanH was used as
a positive control, and rTdM, ., was used as a negative control. Arrows point to the products
detected by the three lectins.
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Figure 2. Characterizations of the TDE0471 mutant (Tde471™) and its complemented strain
(Tded71c0M)

(A) Immunoblotting analysis of Tdsgags, Tde471MU and Tde471%M strains. Equivalent
amounts of Tdssa05, Tde471MUt and Tde471°M whole cell lysates were analyzed by SDS-
PAGE and then probed with aTd,g, a specific antibody against Td,e,. The flagellin protein,
FlaA, was used as a sample loading control and detected by aFlaA, a specific antibody
against FlaA. (B) Filter paper spot test of Tdss405, Tde471MUt and Tde471¢°™ strains. The
assay was carried out as described in Figure 1A using the whole cell lysates of the three
strains.
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Figure 3. Localization of Tdpey

(A) Immunoblotting analysis of proteinase K-treated Tdsssg5 Whole-cell lysates. The
spirochetes were either incubated with proteinase K (240 pg/ml) or PBS at 37°C for 1 h. The
resultant samples were separated on SDS-PAGE and then probed with aTdpe, and aFlaA.
(B) IFA analysis. Td3s405 and Tded71MUt cells were fixed with methanol, stained with
aTdney, and counterstained with a goat-anti-rat Texas red antibody as previously described.
The micrographs were taken under DIC light microcopy or fluorescence microscopy with a
tetramethylrhodamine isothiocyanate (TRITC) emission filter, and the resultant images were
merged. (C) Detection of Tdpe, in the supernatants prepared from the cultures of Td3s4gs,
Tded71™MUt and Tde471%M strains by immunoblotting analysis. FlaA was used as a sample
preparation control. (D) Detecting neuraminidase activity in the supernatants by the filter
paper spot test as described in Figure 1A.
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Figure4. Lectin blot analysis of r Tdpgy-treated human serum

(A) Normal human serum (NHS) was treated with various amounts of rTde, at 37°C for 1
h. The resultant samples were separated on SDS-PAGE gels followed by Coomassie blue
staining; (B-D) The NHS was treated with 0.2 pg rTdpe, Or the same amount of rTdM, ¢, at
37°C for 3 hours. The resultant samples were separated on SDS-PAGE gels, transferred to
PVDF membranes, and probed with biotin-labeled SNA (B, 0.2 ug/ml), MAA (C, 2 pg/ml),
or ConA (D, 0.5 ug/ml). The final concentrations of NHS in the reactions were 0.15% for
SNA and ConA, and 1.5% for MAA.
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Figure5. Growth curves of Tdassgs, Tde471MUt and Tde471¢9™M strainsin TYGVS medium (A)
and the serum growth medium (B)

The serum growth medium contains 50% heat-inactivated rabbit serum supplemented with
6.0 pug/ml TPP. Cell counting was repeated in triplicate with at least three independent
samples. The results are expressed as the mean £ SEM. The data were analyzed by one-way
ANOVA followed by Tukey’s multiple comparison at p < 0.01.
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Figure 6. Survival rates of Tdzsags, Tde471MUt and Tde471%°™ strainsin serum

The strains were co-incubated with either 25% normal human serum (NHS) or heat-
inactivated human serum (HIS) for 1 h at 37°C. The number of surviving bacteria was
counted using a Petroff Hausser counting chamber. The survival rates were calculated as
follows: the total number of living cells in NHS divided by the total number of living cells in
HIS. Cell counting was repeated in triplicate with at least three independent samples, and the
results are expressed as the mean + SEM. The data were analyzed by one-way ANOVA
followed by Tukey’s multiple comparison at p < 0.01.
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Figure 7. Deposition of membrane attack complex (MAC) on Td3s405, Tde471™Ut and
Tde471%M grains

108 cells of Td3s405, Tded71MUt or Tde471°™ were co-incubated with 25% NHS for 20 min
at 37°C. As a control, 10 mM EDTA was added to the reactions to block complement
activation. The resultant serum-treated cells (approximately 5 x 104) were subjected to SDS-
PAGE, followed by coomassie blue staining (A), or probed with four different antibodies as
labeled: (B) aTd, a rat polyclonal antibody against Tdssags; (C) aC3, a polyclonal antibody
against C3; (D) aC9, a monoclonal antibody against C9; and (E) aC5-9, a monoclonal
antibody against C5-9 complex. Notably, complement components were detected only in the
serum-treated Tde471™Ut but not in the serum-treated Tdzsags5 and Tde471°™ strains. The
complement factors detected by the antibodies and their molecular weights are indicated.
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Figure 8. Evaluating the virulence of Tdgsags, Tde471MU and Tde471%°™M strains using a

mouse-skin-infection model

The infectious studies were carried out as previously documented (Kesavalu et al., 1997).
109 bacterial cells were subcutaneously injected into each mouse. Three different mouse
strains were included: (A) BALB/C mice; (B) The complement-deficient mice (B6.129S4-
C3mICry3) and its parental wild-type C57BL/6 mice. Ten days post-infection, the sizes of
the abscesses were measured. The average sizes of the observed abscesses were calculated.
The statistic differences between groups were analyzed by t-test, two-tailed at p< 0.01
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